A review of the asteroseismology of the rapidly oscillating Ap (roAp) stars based on the simultaneous or multicolor photometry is presented. So far, multicolor photometric studies of roAp stars are based on single frequencies. In this paper we propose simultaneous multicolor photometric study on multi-mode roAp stars such as HR 1217. HR 1217 has six modes, three of which are of comparable and large enough amplitudes to be detectable in several wavelengths. With a WET campaign on a star like HR 1217, we could resolve the individual modes, and monitor each in different colors for amplitude and phase information. This study is also well suited for mode-identification.
INTRODUCTION
The rapidly oscillating Ap stars are the cooler members of the chemically peculiar class 2 (CP2) of the main sequence. This group covers effective temperature range of 7000 Κ to 10000 K. Their spectra show enhanced lines of the Fe-peak elements and greatly enhanced lines of rare-earth elements compared with the spectra of normal stars. The line strength anomalies are generally accepted to be mostly due to atmospheric abundance anomalies that result from radiative diffusion. They are characterized by strong magnetic fields with strength of up to several thousand gausses. They show periodic variability in their magnetic field strength, luminosity and spectrum line strength, all with the period equal to the rotation period of the star. Stibbs (1950) proposed an oblique rotator model to explain these variabilities. According to this model an Ap star is assumed to be a rigid rotator, with magnetic axis frozen-in to the stellar surface and inclined at a fixed angle to the rotation axis. Thus the magnetic variabilities arise when the magnetic pole points in different directions as the star rotates. The spectrum variabilities are explained by assuming that the abundance peculiarities occur in spots centered around the magnetic poles. The luminosity variations are explained by flux redistributions due to line blocking.
In this paper we only discuss the pulsational properties of the roAp stars, see Kurtz & Martinez (2000) in these proceedings for a detailed review. Hereafter we shall refer to their paper as KM.
PULSATIONAL PROPERTIES
More than twenty years ago Don Kurtz discovered short period variability in HD 101065, a member of these CP2 stars. These variations, now known to be due to stellar pulsation, cover the range of 5 to 16 minutes. There are 31 roAp stars known today, and they are listed in Kurtz & Martinez's Tables 2 and 3 (these proceedings) . The pulsation amplitudes of roAp stars are under 10 mmag in the Johnson Β passband.
The amplitude spectra of roAp stars show that some of them have several pulsation modes excited at the same time. Some roAp stars also show frequency splittings in their amplitude spectra which are not consistent with the splittings associated with rotation only (Kurtz 1990 ). In addition, some roAp stars are amplitude modulated over the time scale of rotation, and have π radian pulsation phase changes. To explain these phenomena Kurtz (1982) proposed the oblique pulsator model (OPM). This has since been developed and modified by Shibahashi (1986) , Dziembowski & Goode (1986) , Kurtz & Shibahashi (1986) , Shibahashi & Takata (1993) and Takata 6 Shibahashi (1995) . In this model, the pulsation axis is aligned with the magnetic field axis, and because the star is an oblique rotator, as the magnetic field points in different directions (relative to the observer), the pulsation amplitude varies. That is, when the magnetic pole is pointing towards the observer, the pulsation amplitude is at maximum, at quadrature at minimum. The pulsation phase changes by π radians at quadrature when one magnetic pole disappears and the other reappears. KM in these proceedings give detailed discussion of the OPM. One main advantage of the oblique pulsator model is the ability to identify the £ value for the modes that show frequency splittings. Unfortunately roAp stars that do not show frequency splittings are not suitable for this technique of mode identification. Kurtz (1990) shows how the geometry of the star, i.e. the rotational and magnetic inclinations can be constrained from application of the OPM to the frequency splittings.
PULSATION ANOMALIES
The roAp stars show anomalous behavior in their photometric and spectroscopic properties. These are discussed in the next subsections.
Photometric anomalies
The first hint that the roAp star photometric pulsation amplitudes and phases behave differently from those of standard pulsating stars has appeared when photometric methods for modeidentification ( e.g. Balona & Stobie 1979 , Stamford & Watson 1981 failed when applied to them. Kurtz & Balona (1984) showed that Balona & Stobie's technique of determining £ from two-color photometric data does not work for HR 3831 and a Cir. The modeidentification techniques from photometric data is based on analytical formulae that describe the pulsation amplitude variations in terms of temperature, limb-darkening and geometrical variations. Watson (1988) presented such an analytical formula that also includes the pressure effects and the surface gravity variations to determine £ for β Cephei, 53 Persei, δ Scuti, Cepheid and ZZ Ceti variables with some measure of success. The formula is based on the fact that flux (F\) is a function of surface temperature and gravity, i.e. F\ = F\(T e ff, log g). However, even with this relatively more detailed formula he could not determine £ successfully for roAp stars. Watson's analysis was based on two-color data. We shall refer to this formula as the Watson's formula:
where e << 0, is an amplitude parameter and θ 0 and φ 0 are the inclination angles of the pulsation axis with respect to the observer. The terms Tif (i = 1, ...5) are explained in Table 1 . 
C=C(£, Q), Q is stellar pulsation constant.
This is limb-darkening variations due to surface gravity variation.
dlog T0 2.3026
Watson's formula has two parameters, the amplitude parameter R and the phase difference between temperature perturbations and the displacement, ψτ· R is a measure of the departure from adiabaticity, so that R << 1 represents highly non-adiabatic oscillations, and R near 1 represent adiabatic oscillations. These parameters arise from Watson's (1988) definition of / = i?Vad C exp(z Φγ) where Vad = 1 -Γ^" 1 is the adiabatic temperature gradient.
Multicolor photometry of roAp stars shows a more rapid decline of amplitude with increasing wavelength than seen for other pulsating variables (Weiss et al. 1991; Walker 1990 and Matthews et al. 1996) . Matthews et al. (1996) proposed to explain this precipitous decline of photometric amplitude from Johnson's Β to I in terms of the strongly wavelength dependent limbdarkening. They noticed that for the dipole mode, the pulsation amplitude increases with limb-darkening, therefore they reasoned that if limb-darkening drops sharply from shorter to longer wavelengths, the observed pulsation amplitude will do like-wise. This is only valid if limb-darkening is a dominant effect in the pulsation. They then suggested a technique for obtaining limb-darkening coefficients by comparing the observed pulsation amplitudes with am-plitudes calculated from models at different wavelengths. With the thus obtained limb-darkening coefficients one could determine the atmospheric temperature structure in the same way as is done for the Sun. Matthews et al. (1996) applied their technique on HR 3831 to derive limb-darkening coefficients as a function of wavelength. They obtained a Τ (τ) structure and showed that it is steeper than that of the Sun, in accordance with Shibahashi & Saio's (1985) prediction. Shibahashi & Saio (1985) predicted a steep Τ (τ) for roAp stars in order to explain why some roAp stars pulsate with frequencies larger than their cut-off frequencies. However Kurtz & Medupe (1996) showed that limb-darkening is too small effect to explain the multicolor data. They derived a linearized expression for the dependence of pulsation amplitude (for a dipole pulsation mode) on wavelength, limb-darkening, inclination of the pulsation axis a and ΔΤ/Το, where ΔΤ is temperature semi-amplitude, and To is the temperature in the atmosphere of a star in equilibrium. This expression is given below:
where ^Uobs is the observed amplitude, β\ is the limb-darkening coefficient whose values lie between 0 and 1 in the Johnson BVRI region, h is Planck's constant, c is the speed of light, Λ is wavelength of observation and k is Boltzmann's constant.
It is clear from Eq. (2) that changing β from 1 in ß to 0 in I only decreases the normalized amplitude by 0.125, this is too small to account for the steep drop from 1 mag in Β to about 0.2 in I seen in the data. (For comparison, the effect of the wavelength dependence is to reduce the normalized amplitude from Β to I by 0.5). Therefore, the only other way to explain the data (according to Eq. (2)) is if the ratio ΔΤ/Το strongly decreases with increasing wavelength. The continuum opacity in the atmospheres of A stars increases from Β to /, therefore as one looks at longer wavelengths, one sees higher in the atmosphere, i.e. the atmospheric temperature decreases with increasing wavelength. This has the effect of increasing ylAobs? contrary to the trend in the data. Therefore it follows that AT must decrease much more steeply with increasing wavelength. Hence, Kurtz & Medupe (1996) argued that AT can be obtained from comparing Eq. (2) with the multicolor data if To is known from model atmospheres of Ap stars. applied the above reasoning to the a Cir data to derive the plot in Fig. 1 . This plot shows that there is a significant variation of the temperature eigenfunction with depth, and this occurs over a very short distance (under 400 km). It even suggests the presence of a node high in the atmosphere.
Another result of Medupe & Kurtz is that their equation (Eq. (2)) is a special form of Watson's formula. They showed that Eq. (2) is equivalent to ignoring T 2 , T 3 , T4 and T5. Subsequently Medupe, Christensen-Dalsgaard & Kurtz (1998) attempted to use Watson formula to make a fit to their multicolor photometric data, without success. They found that photometric amplitudes of roAp stars decrease rapidly with wavelength compared to what is expected from the Watson formula. This is demonstrated in Fig. 2 , where for the adiabatic case (R = 1), the formula predicts a decline of amplitude by half from Β to /, whereas the data declines down to 20 %. Notice also that Eq. (2) matches Watson's formula very well, the small difference at longer wavelength is due to the fact that Eq. (2) is based on the Wien approximation. numerical models, that are based on realistic treatment of the intensity spectrum, are also in agreement with Watson's formula. An attempt to include non-adiabaticity (i.e. make R smaller) can fit the amplitude data very well, but not the phase data. It proved difficult, if not impossible, to fit Watson's formula to the amplitude and phase data simultaneously, by the same set of parameters (R, Φτ)· Medupe , Christensen-Dalsgaard & pointed out one of the limitations of Watson's formula that it does not take into consideration the dynamical effects of pulsations of the atmospheres or roAp stars, especially since their pulsation frequencies are near or above their acoustic cut-off frequencies. Watson's formula assumes quasi-static atmospheres and ignores the fact that the eigenfunctions might vary considerably in the atmospheres of roAp stars. To further indicate the amplitude and phase anomalies Figs. 3 and 4 are included to show that for some roAp stars the pulsation phase is very variable with wavelength. Baldry et al. (1998a) investigated the radial velocities of one of the roAp stars, a Cir. They found that the radial velocity amplitudes and phases vary from line to line with some lines pulsating in anti-phase to each other. They were able to reduce the scatter a Cir (HP 128898) 1700 geometric distonce (km) Fig. 1 . The diagram from used to demonstrate the level effects in the atmospheres of roAp stars using multicolor photometry. Notice the short distance scale over which the temperature changes.
Spectroscopic anomalies
in their radial velocity measurements by using atmospheric telluric lines as a reference. Baldry et al. (1998b) investigated the bisector velocities of the Ha line from which they found different velocity amplitudes and phases at various line depths. They found a region of almost zero amplitude, above which amplitudes increase in antiphase to the regions below the node. This clear evidence of a velocity node corroborated the interpretation of photometric data by that they could detect a temperature node in the atmosphere of roAp stars, and the eigenfunctions in their atmospheres are very depth dependent, unlike in other pulsating stars.
Attempts to understand the anomalies.
The abovementioned anomalies motivated me and my supervisors, Christensen-Dalsgaard and Don Kurtz, to solve non-adiabatic pulsation equations with full treatment of radiative transfer in the atmospheres of roAp stars. The formalism is based on ChristensenDalsgaard & Frandsen (1983) . Currently the code includes radia--500 400 SOD BOO TOO MOO 900 ΐητ,) shows the precipitous decline of photometric pulsation amplitude with increasing wavelength. It also shows that when adiabatic pulsations are assumed, Watson's formula, Equation (2) and realistic numerical models for a dipole mode do not match the data for the roAp stars indicated above. It is this discrepancy that Medupe & Kurtz used to derive Fig. 1 . tive flux only, and convection is not included. Preliminary results of this project are reported in Medupe, Kurtz L· Christensen-Dalsgaard (2000) , refereed to as MKC. I summarize them here: 1. For excited eigenfrequencies which correspond to the frequencies of the roAp stars, radial motions dominate horizontal ones, MKC find I s -= 5 x 10~4 for a Cir for example. Therefore, there is sr very little distinction between radial and non-radial eigenfunctions. The implications for multicolor photometry is that the amplitudes for different I values, at least for low ft, will be indistinguishable one from another. Handler et al.'s (1999) campaign on HD 122970 seems to be consistent with this result. They were able to determine I -0 and 1=1 using the oblique pulsator model, and found that the dependence of amplitude on wavelength for radial and dipole modes on wavelength is the same. Definitive results require more stars to be studied this way. gradient in δ Τ, with δ Τ increasing with depth into the star (see Fig. 5 ). This is consistent with the semiempirical results based on multicolor photometry. Displacement eigenfunction indicates a node above τ = |. As yet, we cannot tell whether this is consistent with the results of Baldry et al. (1999) which also detect a node from analysis of bisector velocities on the Ha line. We do not have an estimate of the depth of formation for this line for a Cir. and Ψτ is the phase difference between temperature perturbations and displacement. The formula also assumes that C and Φ ρ are constant, where
Fig. 2. This diagram, also taken from
and Φρ is the phase difference between pressure perturbations and the displacement. MKC find that indeed these quantities are depth dependent. In fact the formula presented in Watson (1988) does not includes Φρ, but proper treatment of non-adiabaticity requires the inclusion of Φρ, since all eigenfunctions are complex functions. The temperature eigenfunctions shows a 'bump' in the photosphere. The location of this bump coincides with the base of the neutral hydrogen ionization zone in the Α-type stars. Medupe, Kurtz & Christensen-Dalsgaard believe this 'bump' is responsible for the observed rapid decline of photometric amplitude with wavelength. The displacement eigenfunction shows several nodes above r = |. One of these could be the one observed in the H q by Baldry et al. (1999) . Model atmospheres used were calculated from ATLAS9 program (Kurucz 1993) , with parameters: T e ff = 7900K, log g = 4.2 with solar abundance.
4. WHY WET SHOULD OBSERVE SOME roAp STARS Kurtz & Martinez (2000) go in length to show why roAp stars are suitable candidates for WET runs. Here I argue for the multicolor photometry WET run on HR 1217 which has six modes, in order to isolate each mode and look at the behavior of each mode as a function of depth in the star. A comparison with the Medupe, Kurtz k Christensen-Dalsgaard (2000) findings can be made. This could also afford us another opportunity to do mode identification on these stars. Comparison of multicolor data of different modes with MKC calculations can also help us tackle the question of the excitation mechanism in these stars, which is still a subject of de-bate. While a Cir is another good candidate for a single color WET run (as mentioned in KM), it has only one mode of sufficiently high amplitude for multicolor photometry to be done, other modes have too small amplitudes, and it will be difficult to detect them in longer wavelengths.
The instrumentation required is ordinary photoelectric photometer with a rotating filter wheel. The idea being to cycle through the different filters. A multi-channel photometer can also be used. Similar observing techniques as discussed in KM can be followed. The reduction procedure is also the same.
